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Abstract

Experimental plasma arc investigations
involving the onset of arc initiation for a
negatively biased solar array immersed
in low-density plasma have been
performed. Previous studies into the arc
initiation process have shown that the
most probable arcing sites tend to occur
at the triple junction involving the
conductor, dielectric and plasma [1].
More recently our own experiments have
led us to believe that water vapor is the
main causal factor behind the arc
initiation process. Assuming the main
component of the expelled plasma cloud
by weight is water, the fastest process
available is dissociative recombination
(H,O" + e — H + OH). A model that
agrees with the observed dependency of
arc current pulse width on the square
root of capacitance is presented. A
400 MHz digital storage scope and
current probe was used to detect arcs at
the triple junction of a solar array.
Simultaneous measurements of the arc
trigger pulse, the gate pulse, the arc
current and the arc voltage were then
obtained. Finally, a large number of
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measurements of individual arc spectra
were obtained in very short time
intervals, ranging from 10 to 30 s,
using a Y% meter spectrometer coupled
with a gated intensified CCD. The
spectrometer was systematically tuned to
obtain optical arc spectra over the entire
wavelength range of 260 to 680 nm. All
relevant atomic lines and molecular
bands were then identified.

Nomenclature
C = capacitance, UF
1 = current, A
R =recombination rate, #s!
4 = recombination constant, cm’s™!
A =molecular mass, AMU
N,., =electron density, cm™
R = radius of sphere, cm
e  =electronic charge, ¢g
m, = proton mass, g
T, = electron temperature, eV
K =Boltzmann constant, J deg k™'
V, = mean electron velocity, cms™'
O = cross section or overlap, cm?
U = scalar field potential, V
t = time, S



Introduction

The present work is aimed at
understanding the underlying cause for the
onset of arcing in solar arrays interacting
with the space plasma environment. At
present, despite the growing volume of
experimental data that has been collected on
conductor-dielectric initiated solar array arcs
[2-8], only two theoretical models come
close to describing the process of arc
initiation: The first model is based on the
hypothesis that a thin insulating layer on the
surface of a negatively charged conductor
undergoes electrostatic breakdown when the
electric field strength becomes high enough
[9]. The 1st model is commonly known as
the Paschen Discharge Model (PDM). The
second model takes into consideration the
formation of a strong electric field between
the metal, dielectric and plasma junctions
[10, 11]. The 2nd model has been coined the
Triple Junction Model (TJM).

While the PDM gives good estimates for
high voltage, it falls short at producing good
qualitative results for solar array arcs. The
TJM gives good qualitative estimates, but it
does not give quantitative agreement with
measurements at low voltage. The electric
field strength for the case of the TIM can be
2 to 3 orders of magnitude below what is
typically needed to initiate an arc [12].

More recently, a modification of the TIM
attempted to explain the mechanism of arc
inception for the case of low electric field
strength. In this new model a field emission
correction  containing an artificially
introduced field enhancement factor was set
at approximately 1000 to 2000 [10-14]. The
field enhancement factor seems unprovable.

Still more recently, a new correction to
the TJM has been reported in an attempt to
explain the threshold behavior at the point
of arc inception [13]. The current TIM
predicts a proportionality between the arc
rate and the ion flux to the array. However,
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this model is not able to explain the onset of
the ion avalanche current that gives rise to
the high arc currents typically observed in
solar arrays.

For the current experiments a small solar
array panel (the same solar array panel
previously tested in reference [15].) was
used for the experiments. We bring to bear a
number of optical measurements to identify
the presence of the hypothesized absorbed
gas molecules.

Experimental Apparatus

All arc initiation experiments were
performed in the small bell jar at the NASA
Glenn Research Center Plasma Interaction
Facility. The bell jar was equipped with a
mechanical roughing pump, a diffusion
pump, and an ionization gage for measuring
tank pressure. A Penning variety plasma
discharge chamber (mounted inside the bell
jar) was used as a plasma source for the
experiments. An Argon bottle provided the
necessary gas neutrals to be ionized by a hot
wire filament mounted inside the plasma
discharge chamber. A 3% inch Langmuir
probe (also mounted inside the bell jar) was
swept with a programmable power supply
and used to obtain the plasma parameters for
the experiment. Electron temperature for the
experiments ranged between 1.5 and 2 eV.
Plasma electron number densities ranged
between 1.0 x 10* cm™ and 8.0 x 10° cm™
for the experiments. Figure 1 depicts the
experimental apparatus just described.
Figure 2 shows a close-up view of the solar
array. The solar array is composed of three
strings of cells wired in parallel. Each string
consists of three individual solar cells
mounted in series. Under a full sun each
solar cell is capable of delivering 0.53 V
and 300 mA current. Each string is capable
of producing 1.6 V and 300 mA of current.
The entire array is capable of



Fig. 1 Bell jar test apparatus used for solar
array arcing experiments.

delivering an output voltage of 1.6 V and
900 mA of current.

Figure 3 shows the experimental setup
used in  obtaining the  electrical
measurements. A capacitor is charged by the
bias supply through the resistor and the
shorted array contacts are biased to a large
negative potential relative to the walls of the
bell jar vacuum system. When an arc occurs
both the capacitor and solar array are
discharged directly through the plasma. The
current probe detects the arc and triggers all
4 channels of the oscilloscope.

‘”H!"‘I”‘;H |
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Fig. 2 View of solar array installed inside the
vacuum system.

NASA/TM—2002-211328

0-1 kV Bias
Supply

Fig. 3 Diagram of the solar array panel, R-C
circuit, current and voltage probes used in
obtaining electrical measurements.

Figure 4 shows a diagram of the optical
setup used for obtaining individual arc
spectra. A ¥4 meter spectrometer with a 1200
lines per mm grating and a gated 1024 by
256 pixel intensified CCD is used for
obtaining the optical measurements. The
spectrometer is capable of obtaining
readings over the wavelength range of 190
to 920 nm.

The R-C charging circuit (shown in
figure 3), a current probe amplifier and
oscilloscope combination, provides the

Digital Storage Scope
Trig OUT Ch #11N

Current Probe Amplifier
PTG
EXTTRG IN ST-133A Controller
‘@ To Current Probe
PRE TRG IH
To Detector Serial Comm
| | —

High Speed
TIMING GEN Sefial Link
——T
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AUX TRG OUT Slit
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—
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©

Fig. 4 Diagram showing the ST-133A
Controller, PTG, PI-MAX linear array and
spectrometer connections used for obtaining
individual arc spectra.



needed output trigger for the
Programmable Timing Generator (PTG)
shown in figure 4. The output trigger
pulse from the digital storage scope is fed
directly to the external trigger input of the
PTG. The received input trigger pulse
causes the PTG to open the gate of the PI-
MAX intensified CCD. A signal sent from
the ST-133A controller causes the PI-MAX
to capture a single arc spectrum for each
detected arc event.

Theory

It has been suggested that the main causal
factor behind the arc initiation process is a
desorbed  molecular gas  ionization
mechanism (specifically condensed water
vapor) at the site of the triple junction. We
assume the primary component of the
ejected arc plasma by weight is due to H>0
vapor and H,0" ions. The fastest process
available that is able to describe the arc

initiation process is dissociative
recombination.
H,O0"+e¢ => H +OH" (1)

The steady state volumetric total production
rate, RN for dissociative molecular-ion

dominated recombination processes is given
by

R=<V,o>N,=y-N,’ 2)
The braces in the above equation indicate
the expectation value of the product of the
mean thermal velocity V, and the overlap
integral 0. (Note that R has units of # sH It
is well known that the molecular-ion
recombination constant ¥ has a strong
energy (7,) dependency [15 and 16].

1077
(Vo) = 3
7/ < eG> \/T_e ( )
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where T, (in units of eV) is the electron
temperature in the arc plasma. The constant
Y is in units of cm® s7h Setting T, = 3 eV,
yields vy = 5.8- 10° cm® s for the
recombination rate constant. Assuming, N, =
10° cm™ and using the calculated value for y
above, the total production rate R for
molecular-ion dissociative recombination
processes is of the order of 5.8-10* s\

Next assume that N, = f(t). The time
dependent form for the dissociative total
production rate can be written as R = dN,/dt
and we are able to directly obtain the
following equation.

dN
—c=-y-N] @)
dt

An argument in favor of the desorbed
molecular gas ionization process comes
from measurements of arc current pulse
widths at different capacitances. Vayner, et
al. [15] uses the equation (4) to model the
square root dependency of capacitance on
arc current pulse widths to within an
accuracy of 10 percent. The solution to
equation (4) with the appropriate boundary
condition at r = 0 in equation (5b) is

N (1) = — e (50)
I+N,, -yt

Where: N,|_,=N

e

(5b)

eo

The electric current I(t) to the surface
of a hemispheric arc plasma cloud of radius
R(t) = (1 to 2 cm) at the dielectric-conductor
junction is simply

I(t)y=2-7-R(t)’-N,(t)-e-V, (6)



If it is suggested that the kinetic energy T,
(in eV) can be written as

(7a)

where A is the gram molecular weight of
desorbed gas molecules at the triple
junction. The thermal velocity V, is a
constant defined from equation (7a) as

v = |20 e (7b)

Assuming the arc plasma propagates a
distance R in time ¢ with a velocity V, it is
possible to write

R(1)=V, -t (8)

Substituting equations (5a), (5b) and (8) into
equation (6) yields the form of the
expression given in equation (9).

e.NL’()
I+N, -y-t

eo

1()=2-n-V, - 9)

The net electrical charge on the surface of a
hemispheric arc plasma cloud may be
calculated from equation (10a)

c-U:jI(t)-dt (10a)
0

Where:

‘ “ N _-t*-dt

J[(t).dtzz.ﬂ;.e.vj.]eo—

0 01+Ne0yt

And note, that for N, - y- ¢t >> 1, it is
possible to write

N, -y-t=1+N,_ -yt (10b)
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Substitute equation (10b) back into the
integral of equation (10a) to get

_2-7r-e-Ve3

14

Cc-U jz-dt (10c)
0

Integrating the right hand side of equation
(10c) and solving for ¢ yields

t= L(i (11)
m-e'V,
Substituting equation (7b) into equation (11)

yields the familiar expression previously
derived by Vayner.

1 3
cUuN (Am ¥
P VALCRUUAN o i (12)
T-e 2. kT,

See Vayner, et al. [15] for further discussion
and model details.

Electrical Results

Electrical measurements were taken
simultaneously with the arc spectrum for
each arc event using a 4-channel digital
storage oscilloscope. Plots of arc current and
arc voltage were obtained using a current
probe to detect the arcs and a voltage probe
to track the arc voltage as a function of time.
The external trigger pulse and gate monitor
pulse are connected to the remaining two
channels of the oscilloscope. Each time the
oscilloscope is triggered by an arc event, an
output trigger pulse is generated by the
scope and fed to the external trigger of the
Programmable Timing Generator (PTG) See
figure 3.



Exterrnal Trigger Pulse to PTG:
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PI-MAX Gate Pulse Monitor:
(PI-MAX Intensified Linear Array)
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Figs. 5(a) and 5(b) showing synchronization
of the external trigger and gate monitor
pulses.

The ST-133 controller was programmed to
operate the PI-Max in a pre-open mode and
to generate a 10 to 30 us wide high voltage
gate pulse for each external trigger pulse
received (see figure 4). The ST-133
controller records the arc spectra only during
the time interval the gate pulse is applied. In
order to obtain arc spectra, both the external
trigger pulse and the gate pulse need to be
synchronized to coincide with the start of
the arc event. Note that the gate pulse
arrives at the start of the external trigger
event in figures 5(a) and 5(b). Figures 5(c)
and 5(d) show typical arc current and arc
voltage traces that were obtained. Note that
the leading edge of the gate pulse
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corresponds to the time when arc voltage
and arc current are approaching their peak
values. It was found that optical plasma
emissions continue until the arc current is
fully discharged.

Solar Array Arc Voltage Plot
(Digital Storage Oscilloscope)

o

I"\
[\

N

Lo =
=)

Inensity [Volts]
S —
Inensity [Volts]

Frea,
FN—

i
i

Time [wS]

B

P
e}

Fig. 5(c)

Solar Array Arc Voltage Plot:
(Digital Storage Oscilloscope)
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Figs. 5(c) and 5(d) demonstrating how arc
voltage and arc current varies with time.

Optical Spectroscopy Results

All arc spectra shown in this paper have
been obtained using an intensified CCD
array cooled to —20 °C to reduce the internal
noise. 20 rows of vertical pixels (120+20
vertical pixels out of a possible 256 pixels
and 1024 horizontal pixels out of a
256x1024 array) are used to keep the signal
to noise ratio within acceptable limits. Each
spectrum shown covers a wavelength range
of 100 nm divided by 1024 pixels. Thus the



central wavelength set on the spectrometer
corresponds to the horizontal center pixel
(512) +40 pixels. The wavelength spreads
out from pixel 1 on the far left, through pixel
512, to pixel 1024 on the far right.

Spectrometer  calibration was then
performed using a standard Oriel 6030 argon
lamp source and a 50 um slit installed on the
spectrometer. Note that each pixel in the PI-
MAX has a calculated resolution of
0.109 pixels per nm. A minimum of two
known lines and the corresponding pixel
numbers are needed to manually calibrate a
given spectrum. For those instances where
only one known line and the corresponding
pixel number were known, equation (13)
was used to convert pixels to wavelength in
nanometers.

A, =2, +0.109-(P.— P,) (13)

where Ax and Py are the known wavelength
and known pixel number and A. and P, are
the calculated wavelength and pixel number
respectively. In practice P. is any pixel
number chosen from any pixel feature on the
given spectra, such that: P, # Py
Four to six individual spectra are then
gathered at each central wavelength setting
to insure that the features present were
repeatable and not merely artifacts of the
measurement process. Measurements were
obtained at the central wavelength starting at
260 nm. The entire optical spectra from 330
to 680 nm in wavelength were then
systematically scanned in 50 nm increments.

The distance between the spectrometer
and the solar array was set to 16 cm. The
small chamber size and random arc site
locations (from one side of the array to
another) caused shifts on the order of +4 nm
in measured wavelengths. In order to correct
this problem the array sample was masked
down to the area of one cell leaving one pair
of interconnects exposed to the plasma. The
reported wavelength values are averaged
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over the individual wavelength values of
individual spectra taken at the same
spectrometer central wavelength setting.

To begin our cataloged investigation we
searched the NIST Atomic Spectra Data [20]
for the two most intensive lines for silver
(Ag L. at 328 nm and at 338 nm,
respectively) in the UV spectrum. A line for
silver Ag I at 358.6 nm was also identified.
Two more lines for singly ionized silver,
Ag'(Ag 1I at 218.7 nm and for Ag II at
368.2 nm, respectively) have also been
identified from the NIST Data [18]. There
appears to be a molecular band at 387 nm
since no atomic lines are tabulated in the
NIST UV spectrum at this wavelength. See
(Fig.6(a)) for details. (Note: atomic spectra
are often characterized by sharp narrow
peak, while molecular spectra are often
identified by a wide band structure.)

The wide band structure at 302 to 309 nm
is well known as the OH molecular band.
The OH band is observable in emission in
arcs where water vapor is present [19]. The
most intensive system of the OH band
occurs at 302.1, 306.3, 306.7, 307.8, and
307.9 nm, which are shown in detail in
Fig. 6(b).

Figure 6(c) shows a molecular band at
387 nm and two wide bands at 434 nm and
at 472 nm. Pearce and Gaydon [19] identify
molecular bands for SiH at 387 nm, a wide
band for CH at approximately 432 nm and
for SiN at 472 nm. The SiH (387 nm) band
is often present in silicon arcs in hydrogen
(silicon from solar cell and in discharges
containing silicon and hydrogen
compounds). See Fig. 6(a) and Fig. 6(c).
The CH molecular band often occurs in
electrical ~ discharges =~ where  carbon
molecules and hydrogen molecules are
present.

Two atomic lines at approximately
408.71 and 415.87 nm are also shown in
Fig. 6(c). The MIT Wavelength Tables [17]
identifies one of two possible lines at



Solar Array Plasma Arc Atomic and Molecular Spectra
(Cental Wavelength 330nm, 50 micron Slit)
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Molecular OH Band for Solar Array Plasma Arcs
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Solar Array Plasma Arc Atomic and Molecular Spectra
(Central Wavelength 430nm, 50 micron Slit)
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Atomic Hydrogen Spectrum for Solar Array Plasma Arcs
(Central Wavelength 680nm, 50 micron Slit)
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408.7 nm as either ion Fe (408.710 nm) or
O*(O 1I at 408.714 nm). An atomic line for
iron (Fe I at 415.879 nm) has also been
identified in Fig. 6(c). Atomic lines for
Nickel Ni at 480.7 nm (not shown) and iron
Fe at 480.1 nm (not shown) were observed
due to the destruction of the invar
electrodes. See Fig. 6(c). A wide band (508
to 511 nm, not shown), consisting of 8 lines
of Fe and Ni were also observed.

A strong atomic line for H-oo at
(656.3 nm) corresponding to the 3d-2p
transitions in the hydrogen atom was found.
See Fig. 6(d) for details. Finally a strong
H-B line at 486 nm (not shown) was also
observed with an intensity of 500. The H
486 nm line corresponds to 4d-2p transitions
of the hydrogen atom.

Summary

It has been hypothesized that a desorbed
gas ionization process occurring at the triple
junction of a solar array is responsible for
the onset of arc initiation. A simple
dissociative recombination mechanism is
forwarded which theorizes that the fastest
dissociative process available is due to water
vapor and OH ions. A simple semi-
empirical model that favors the desorbed gas
molecular ionization mechanism was then
developed from measurements of the arc
current  pulse  widths at  different
capacitances. The results from the described
model agree with data to a factor within
10% [15] and presents another argument in
favor of the desorbed gas ionization process.

Our spectrometer observations give
credence to the hypothesis that supports the
desorbed molecular gas ionization process
for water vapor at the triple junction of a
solar array. We strongly believe that the
onset of the arc initiation process is due to
absorbed water vapor at site of a triple
junction of a solar array immersed in low-
density plasma.
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